Aims/hypothesis. Our aim was to test the hypothesis that TNF-α protein levels in skeletal muscle are important in mediating the improvements in glucose homeostasis that are associated with diet and exercise regimens intended to reduce cardiovascular risk. Methods. We recruited 20 people with a body mass index of 32.1±1.2 kg/m 2 (mean ± SEM) and one other component of the metabolic syndrome. The average age was 51.2±8.1 years (mean ± SD). Of the 20 subjects, 6 were men and 14 were women. All subjects completed an 8-week control period, followed by randomisation to 8 weeks of moderate cycling exercise (30 min, three times per week) or to a diet with the following characteristics: low in saturated fat, high in fibre, low glycaemic index, rich in complex carbohydrates.
Introduction
The cytokine TNF-α has been implicated as a critical mediator of insulin resistance, particularly in relation to obesity [1, 2] . It affects insulin resistance via two major mechanisms, inhibition of insulin receptor signalling [3] and down-regulation of the GLUT4 glucose transporter [4] . This was thought to occur via the actions of adipose-derived TNF-α, through autocrine mechanisms in adipose tissue and paracrine effects on skeletal muscle [5] . Indeed, TNF-α levels are higher in the adipose tissue of obese and insulin-resistant rodents and humans than in healthy animals or individuals [1, 2, 5, 6] . More recently it has been shown that TNF-α is also expressed in skeletal muscle and that levels are four-fold higher in insulin-resistant, obese humans than in healthy humans [7] . Thus TNF-α appears to have direct autocrine actions within skeletal muscle. These actions are probably significant given that skeletal muscle is the major site of glucose disposal in the body.
Weight loss and exercise therapy are well known for their efficacy in the treatment of insulin resistance. It is possible that some of these effects are mediated through a reduction in TNF-α, either in adipose tissue or in skeletal muscle. Energy restriction resulting in weight loss has been shown to reduce TNF-α mRNA and protein levels in adipose tissue [5, 6] . Skeletal muscle, however, is less well studied. Recently it was shown that massive weight loss through malabsorptive surgery can reduce TNF-α mRNA levels in skeletal muscle [8] . In the same study, the more moderate weight loss associated with energy restriction had no effect. The effects of TNF-α on dietary modification, undertaken with a view to reducing cardiovascular risk factors rather than weight, have not been studied to date.
Strenuous exercise elicits an inflammatory response that includes increases in TNF-α in plasma [9, 10] . However, the effects of chronic moderate aerobic exercise training on plasma TNF-α levels in humans are unclear, with some studies showing increases [11] and others decreases [12] . In rats, TNF-α mRNA and protein levels in adipose tissue are increased by moderate aerobic training [13] . In contrast, resistance training reduced TNF-α skeletal muscle mRNA and protein in frail elderly humans [14] . No previous studies have examined the effects of moderate aerobic training regimens, which are known to improve conventional cardiovascular risk factors including blood pressure and insulin resistance [15, 16] , on skeletal muscle TNF-α protein levels in humans.
Using a randomised, parallel, longitudinal design, this study therefore examined the effects of a specific diet or moderate aerobic exercise, each done for 8 weeks, on skeletal muscle TNF-α and GLUT4 protein levels. Characteristics of the diet used were: low in saturated fat, high in fibre, high in complex carbohydrates, low glycaemic index, no intended weight loss. The aim was to determine whether a reduction in skeletal muscle TNF-α is associated with diet-and exercise-induced improvements in glucose homeostasis, and whether such effects are related to an increase in skeletal muscle GLUT4 protein levels.
Subjects and methods
Subjects. All participants gave informed consent for participation in the study, which was undertaken with the approval of The Alfred Healthcare Group Ethics Committee and performed in accordance with the Declaration of Helsinki of the World Medical Association. We recruited 20 participants through a newspaper advertisement. The group baseline characteristics (Table 1) included: sex: 6 men, 14 women; age: 51.2±8.1 years (mean ± SD); age range: 33 to 59 years. All participants met the following inclusion criteria: aged 30 to 60 years; BMI 26 kg/m 2 or more; waist circumference above 95 cm (men) and above 85 cm (women). They also all had at least one other unequivocal characteristic of the metabolic syndrome including: HDL cholesterol less than 1 mmol/l; triglycerides above 2 mmol/l; blood pressure higher than 140/90 mm Hg; fasting plasma insulin above 15 mU/l; and fasting plasma glucose 6.1 mmol/l or more and/or 2-h post-glucose load 7.8 mmol/l or more. Whereas some of these components are based on criteria of the European Group for the study of Insulin Resistance [17] , we raised the thresholds slightly for others. We did not characterise the subjects as suffering from the metabolic syndrome. Candidates were excluded, if they were taking hormone replacement therapy, hypoglycaemic, cholesterol-lowering, antihypertensive or other vasoactive medication. We also excluded candidates who smoked, consumed excessive alcohol (>4 standard drinks per day for men, >2 for women), had coronary artery disease (on examination of their history or screening) or any other major illness or were involved in an exercise programme.
Study design. The study was of a randomised, parallel, longitudinal design. After screening, all participants initially completed an 8-week control period, in which they were instructed to continue with their normal dietary and exercise habits. This control period was needed to control for the potential effects of measurement familiarisation. It was followed by randomisation either to an 8-week dietary or 8-week exercise intervention. Both interventions were completed by ten participants (three men and seven women for each intervention).
Study protocol. Measurements were performed at baseline, after the control period, and again after the intervention period. Anthropometric measures included BMI and waist-to-hip ratio. A fasting blood sample was taken for analysis of glucose and insulin levels. After the control period, and again following the intervention period, we did a vastus lateralis muscle biopsy for analysis of skeletal muscle TNF-α and GLUT4 protein levels. Compliance with the exercise programme was assessed by The average age and age range (all participants) were: 51.2±8.1 years (mean ± SD) and 33 to 59 years respectively maximum oxygen consumption (VO 2 max) during an incremental bicycle exercise test. Dietary compliance was assessed using a 4-day food record, in which food and drink consumed during that time were weighed.
Dietary modification. Prior to the baseline period, the usual food pattern of each subject was assessed with food questionnaires and records of weighed food using a computer program designed by the Anti-Cancer Council, Melbourne, Australia. Participants randomised to the diet intervention had access to a plan developed by a dietician. This plan allowed these participants to modify their diets to approximate that prescribed ( Table 2 ). The main objectives were: reduction of saturated fats, and the partial substitution of mono and disaccharides by starchy complex carbohydrates. Before commencing the intervention, these participants received counselling on how to meet these requirements. They were also given a document detailing recommended and not-recommended foods, plus an example of a daily menu. The primary goal was risk factor reduction other than weight loss (hence the recommended level of fat intake). Weight loss was not discouraged, and given the change in macronutrient composition, was anticipated. Participants were contacted weekly by phone while undertaking the dietary changes.
Exercise training. Participants randomised to the exercise intervention were provided with a Repco Compucycle No. RC500 exercise bicycle (AS-4092, Taiwan) for use at their home during the intervention period. Participants rode the bicycle three times per week at an intensity of 65% of their predetermined maximum heart rate, which was calculated as follows: 0.65 × (maximum heart rate − resting heart rate) + resting heart rate. Heart rate monitors (Polar Protrainer, Polar Electro Oy, Kempele, Finland) were provided to monitor intensity. The exercise sessions lasted 40 minutes, including a 5-minute warm-up and cool-down session.
Maximum oxygen consumption. We measured VO 2 max using a graded exercise test on an electrically braked cycle ergometer (Ergoline 900, Bitz, Germany). The workload increased at a rate of 20 W per minute. Oxygen and carbon dioxide were measured using a cardiopulmonary exercise system (Quark b 2 , Cosmed, Rome, Italy). Heart rate was recorded telemetrically during the exercise test. The achievement of VO 2 max was established by a plateau in oxygen consumption, a respiratory exchange ratio above 1.1, a heart rate at maximum level for age (i.e. 220 − age) or fatigue and failure to maintain the workload despite encouragement. VO 2 max was regarded as the average oxygen consumption over the last 30 seconds of exercise. All participants were screened for coronary disease and other abnormalities using a 12-lead electrocardiograph before and during exercise (Cardiovis plus, Cosmed, Rome, Italy). A normal electrocardiograph recording throughout the baseline exercise test was a prerequisite for further progression in the study.
Glucose and insulin. At screening, glucose metabolism was assessed using an oral glucose tolerance test following an overnight fast. Venous blood samples (10 ml) were drawn into lithium heparin tubes before, and at 30-min intervals after consumption of a 75-g oral glucose load (glucose monohydrate dissolved in 200 ml flavoured water; Glucotol, Orion Laboratories, Welshpool, Australia). Fasting samples were also collected after the control and intervention periods. All blood was centrifuged at 3000 rev/min and 4°C for 15 minutes, and plasma was stored immediately at −20°C. Plasma glucose levels were determined enzymatically using a Gluco-quant glucose assay kit (Roche Diagnostics, Mannheim, Germany) and a Cobas-Fara centrifugal analyser (Roche Diagnostic Systems, Basel, Switzerland). Insulin was analysed using a humaninsulin-specific radioimmunoassay kit (Linco Research, St. Charles, Mo., USA). Beta cell function and insulin resistance index were calculated using the homeostasis model assessment Lipids. Blood was collected into EDTA tubes and centrifuged for 15 minutes at 3000 rev/min and 4°C, and plasma was stored immediately at −20°C. Total, LDL and HDL cholesterol, as well as triglyceride levels were determined enzymatically with a Cobas-Fara centrifugal analyser (Roche Diagnostic Systems).
Urinary sodium excretion.
Participants collected all urine excreted during a 24-hour period into a bottle. Urinary sodium was analysed with a Hitachi 917 Analyzer (Roche, Mannheim, Germany), using an ion-selective electrode.
Skeletal muscle TNF-α protein. Levels of TNF-α were determined in vastus lateralis muscle biopsies by western immunoblotting. Monoclonal anti-TNF-α antibodies (Chemicon International, Victoria, Australia) were used in conjunction with a horseradish peroxidase conjugated anti-mouse secondary antibody (Bio-Rad, Hercules, Calif., USA). Blots were digitised and quantitated using Optimas software (version 6.5.1, MediaCybernetics, Silver Spring, Md., USA).
Skeletal muscle GLUT4 protein. Levels of GLUT4 were determined in vastus lateralis muscle biopsies by western immunoblotting. A goat polyclonal immunoglobulin G antibody directed against the C-20 region of the GLUT4 protein (Santa Cruz Biotechnology, Santa Cruz, Calif., USA) was used in conjunction with a donkey anti-goat immunoglobulin G secondary antibody, to which horseradish peroxidase was conjugated (Santa Cruz Biotechnology). Blots were digitised and quantitated using Optimas software (MediaCybernetics).
Statistics.
To compare the post-control values with the baseline and post-intervention values for each group, we did Repeated Measures ANOVA. Individual means were compared using the figure. For western blots, baseline expression was normalised to 100% and the post-intervention sample was expressed as a percentage change from the baseline expression. All data are presented as means ± SEM, unless otherwise stated. All statistical analyses were performed using SPSS (Version 11.0, SPSS, Chicago, Ill., USA). All analyses were two-tailed and a p value of 0.05 was deemed significant.
Results
Differences between baseline and post-intervention characteristics. There was no difference in baseline characteristics between the diet and exercise groups ( Table 1 ). The apparent mean consumption of fat at baseline (27%) was slightly below that estimated at the time of recruitment (30%). Diet, but not exercise, was associated with a reduction in total energy consumption (17±7%, p<0.05), including a reduction in consumption of saturated (52±8%, p<0.001), monounsaturated (41±10%, p<0.01) and polyunsaturated fats (38±16%, p<0.05) ( Table 3 ). The percentage of energy derived from protein and carbohydrate consumption increased in the diet group but was unchanged by the exercise intervention. Cholesterol consumption and sodium excretion (hence estimated sodium consumption) were reduced by the dietary intervention (29±12% and 25±10% respectively; p<0.05 for both). With the dietary intervention BMI was reduced by 3.0±0.7% (p=0.01) and waist-to-hip ratio by 2.2±0.9% (p<0.05), while no changes were observed for the exercise intervention. Compliance with the exercise regimen was confirmed by an increase in VO 2 max (12±6%) and maximum work capacity (16±6%) in the exercise but not the diet group (p<0.05 for both, Table 3 ).
Insulin and glucose. Fasting insulin was reduced by the dietary modification (23±10%, p<0.05) and exercise training regimens (19±8%, p<0.05) ( Table 4) . Both interventions also reduced insulin secretion as assessed by the HOMA beta cell function parameter, but this was only significant for the diet group (Table 4 ). The HOMA insulin resistance index also tended to be reduced, although this was not statistically significant for either intervention (p=0.08 for both). Fasting glucose levels were not significantly reduced by either intervention (Table 4) .
Skeletal muscle TNF-α and GLUT4.
There was a significant reduction in skeletal muscle TNF-α after the dietary intervention (54±10%, p<0.05, Fig. 1 ), but no change with exercise training. The reduction in TNF-α with diet was independent of the small change in body weight (-2.8±0.7 kg; covariate analysis p=0.94). Skeletal muscle GLUT4 protein levels were increased with exercise training (105±37%, p<0.05) but were not altered with diet alone (Fig. 1) . Importantly there were no significant differences in any variables pre and post the control period.
Discussion
Glucose disposal occurs largely via skeletal muscle and may be modulated by TNF-α expression through effects on insulin receptor sensitivity and skeletal muscle GLUT4 protein level. Whether a reduction in skeletal muscle TNF-α is an important mechanism in the cardiovascular risk reduction associated with widely recommended diet and exercise interventions has not been studied to date. Our investigation suggests that a diet with a low glycaemic index, low in saturated fat, high in fibre, high in complex carbohydrates, and which is not specifically aimed at weight loss, reduces skeletal muscle TNF-α and may contribute to improved insulin sensitivity. This is probably due to improved insulin receptor sensitivity, rather than an effect on the GLUT4 glucose transporter, which was unchanged by the dietary intervention. In contrast to diet, skeletal muscle TNF-α levels were unchanged by moderate exercise training for 8 weeks. This suggests that the beneficial effects of exercise are not mediated via TNF-α. As elevated blood levels of TNF-α are predictive of coronary heart disease and congestive heart failure [20] , diet but not exercise may protect against the inflammatory consequences of elevated TNF-α.
Dietary intervention.
The dietary modification programme used in this study did not promote energy restriction. However, the total energy content of all food consumed over a 4-day period at the end of the 8-week dietary intervention was reduced, although this resulted in only a modest reduction in BMI. Improvements in weight, BMI and waist-to-hip ratio are presumably due to this reduced energy intake. The consumption of a greater proportion of complex carbohydrates with a low glycaemic index may have reduced appetite and therefore total energy consumption [21] . With regard to fat consumption, the major response was a general reduction in total fat intake. Consumption of saturated, mono-and polyunsaturated fats was reduced, as was the ratio of saturated to polyunsaturated fat in the diet group, indicating good compliance with instructions for fat consumption. The reduction in 24-hour urinary sodium excretion also suggests that this group reduced sodium intake satisfactorily. Although dietary fibre intake was not significantly increased by dietary modification, the diet group nevertheless consumed the required fibre intake of more than 30 grams per day.
The dietary intervention used in the current study has been shown to effectively improve multiple cardiovascular risk factors including blood pressure, body weight, lipids and glucose metabolism [22, 23] . In particular, a higher ratio of carbohydrate to fat consumption has previously been associated with improved insulin sensitivity [24, 25, 26] . While fasting insulin levels in this study were reduced in conjunc- tion with the HOMA beta cell function index, the HOMA insulin resistance index just failed to reach statistical significance (p=0.08). This may be related to the lack of substantial weight loss.
Our study also provides evidence that the observed improvements in glucose homeostasis are associated with reduced expression of skeletal muscle TNF-α protein. The likely mechanism involved is not related to effects on levels of GLUT4 expression, since this was unaffected by the dietary intervention. However, TNF-α inhibits the activity of the insulin receptor and some of its downstream effectors. Cell culture experiments have demonstrated that insulin-induced tyrosine phosphorylation of the β-subunit of the insulin receptor and IRS-1 are reduced in the presence of TNF-α [3, 27] . TNF-α promotes serine phosphorylation of IRS-1, which interferes with insulin-induced tyrosine phosphorylation and subsequent insulin signalling and action [28, 29] . Data on the dietary intervention used in the current study are consistent with the amelioration of such inhibitory effects.
In a previous study skeletal muscle TNF-α mRNA levels and fasting plasma insulin were reduced after malabsorptive surgery causing substantial weight loss (~26 kg) in severely obese women (BMI >40 kg/m 2 ) [8] . In this previous study, GLUT4 mRNA levels were elevated, correlating inversely with the reduction in skeletal muscle TNF-α mRNA. In contrast to our study, it seems that TNF-α reduction with substantial weight loss may exert some of its effects through upregulation of GLUT4. In human and animal adipocyte cell cultures, TNF-α down-regulated GLUT4 transcription [2, 30, 31] , while GLUT4 protein levels were correspondingly reduced [32] . Thus with severe weight loss [8] , an increase in GLUT4 levels and increased insulin receptor sensitivity are likely to contribute to enhanced glucose metabolism. The same study also found that a low-energy diet inducing a weight reduction of 5 kg over 6 months did not influence insulin levels or skeletal muscle TNF-α mRNA levels, but compliance with the diet was poor [8] . In contrast to this previous study, which focused on energy restriction, the current data indicate that with a diet that is low in saturated fats, high in fibre and complex carbohydrates, and has a low glycaemic index, the reduction of skeletal muscle TNF-α may contribute to risk factor reduction.
Exercise intervention. The exercise group did not change their diet, but had higher VO 2 max and maximum workload after the 8-week exercise intervention, indicating compliance with the exercise regimen. Dietary parameter were unchanged by the exercise intervention. This exercise regimen has previously been associated with improvements in insulin sensitivity [15, 16] , and strong trends consistent with such effects were observed (p=0.08). In addition, fasting plasma insulin levels were significantly reduced.
While resistance training has been previously shown [14] to reduce skeletal muscle TNF-α mRNA and protein in the frail elderly, the current study is the first to our knowledge to examine an aerobic exercise regimen relevant to cardiovascular risk reduction. The broad age range in our study (33-59 years) , in an obese group with elevated cardiovascular risk, makes our findings more relevant to cardiovascular disease prevention. Given the reduced fasting plasma insulin and unchanged skeletal muscle TNF-α protein levels in the exercise group, it is more likely that the 105% increase in skeletal muscle GLUT4 underlies the exercise-induced improvement in glucose metabolism. The relevant data are consistent with previous reports of increases in GLUT4 glucose transporter concentrations through aerobic exercise training [33, 34] . The increase in GLUT4 transporters available to the plasma membrane of the cell may allow more efficient glucose uptake, an increase in insulin sensitivity and a consequent reduction in insulin levels [4] .
The mean age of the participants in the study by Greiwe et al. [14] was 82 years and skeletal muscle TNF-α was higher in this group than in a young group (meanage 23 years). After 3 months of resistance training, skeletal muscle TNF-α decreased towards levels observed in the young group. The high initial TNF-α levels associated with ageing may have contributed to the positive effects of exercise in this case. Alternatively the mode of exercise (resistance vs aerobic) may account for the differences between the study of Greiwe et al. and the current report with regard to the effects of training.
Study limitations. The inclusion of an intervention that imparted dietary advice and recommendations precluded the use of a randomised longitudinal crossover study, as that advice could not be withdrawn once supplied. The invasive nature of the muscle biopsies also precluded a parallel control group in which the participants would not receive any dietary or exercise advice but would still have to submit to multiple biopsies. The 8-week control period was thus used as a time control and to correct for the effects of familiarisation.
Conclusion.
A diet that has a low glycaemic index and is low in saturated fat, high in fibre and complex carbohydrate, and not specifically aimed at weight loss achieves at least some of its beneficial effects on glucose metabolism through a reduction in skeletal muscle TNF-α protein. Such effects may be mediated through improvements in insulin receptor sensitivity rather than an increase in skeletal muscle GLUT4. In contrast, moderate exercise training improves insulin sensitivity by increasing skeletal muscle GLUT4 levels, with TNF-α protein levels unchanged. Since TNF-α has been associated with impaired glucose metabolism and muscle wasting in the elderly [14] , dietary intervention could be a simple way to avert the complications associated with metabolic disorders and reduced skeletal muscle mass. 
